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METHOD FOR PRODUCING SILICON
SINGLE CRYSTAL WAFER FOR PARTICLE
MONITORING AND SILICON SINGLE
CRYSTAL WAFER FOR PARTICLE
MONITORING

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present mvention relates to a method for producing a
silicon single crystal wafer for particle monitoring having
few pits on its wafler surface with high productivity.

2. Related Art

Particles adhered to a silicon single crystal wafer used for
semiconductor devices may cause pattern breakage or the
like during the production of semiconductor devices. In
particular, because the pattern width of the most advanced
devices (64M DRAM) i1s extremely small, 1.e., 0.3 um,
production of such patterns suffers from abnormalities
(failure) such as pattern breakage even by the presence of
particles of 0.1 um, and 1ts production yield in the produc-
tion of devices 1s markedly reduced. Therefore, particles
adhered to silicon waters must be decreased as far as
possible.

To this end, 1n the production process of silicon wafers,
particle counters are used to strictly control such particles
(search of generation source, evaluation of cleaning effect,
control of clean level of clean room, inspection of final
products before shipment, etc.).

The measurement method of conventional particle
counters involves, for example, irradiating a laser beam spot
of around 10-100 y#m on a wafer for monitoring of which
particles are measured (wafer for particle monitoring), and
elfectively condensing feeble lights scattered by the particles
through multiple optical fibers, integrating spheres or the
like, which condensed lights are converted into electric
signals by photoelectric devices. Therefore, conventional
particle counters count the number of spots (bright spots) on
the water surface where light scattering 1s caused.

By the way, minute crystal defects are generated during,
the growth of silicon single crystals, and they do not
disappear during the cooling of crystals, and remain 1n the
processed and produced wafers as they are. When these
walers are cleaned 1n a mixed solution of aqueous ammonia
(NH,OH+water) and aqueous hydrogen peroxide (H,O,+
water) as generally conducted so as to remove the particles,
hollows (pits) are formed on the wafer surfaces because
etching rate is faster in the crystal defect sites (such pits are
called crystal originated particles, COPs).

If such silicon wafers are used as wafers for particle
monitoring, and particle number 1s counted on such wafers
by the above particle counter, light scattering by not only
particles actually adhered to the water surfaces, but also
light scattering by such pits are detected. Thus, there has
been a disadvantage that a true particle number cannot be
obtained.

In particular, it has been known that a wafter produced
from a silicon single crystal pulled by the CZ method
generates much more COPs compared with a wafer pro-
duced from a silicon single crystal produced by the floating
zone melting method (FZ method) and an epitaxial wafer
comprising a waler produced by the CZ method on which a
silicon single crystal thin film 1s grown.

On the other hand, 1t has also been known that, 1n order
to decrease crystal defects (COPs) introduced into silicon
single crystals during their growth 1n the CZ method,
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marked improvement can be obtained by using an extremely
low crystal growth rate (for example, 0.4 mm/min or less;

see, for example, Japanese Patent Application Laid-open
No. 2-267195).

However, if the crystal growth rate 1s simply lowered
from the conventional rate of 1 mm/min or more to 0.4
mm/min or less, the productivity of single crystals would be
halved or further reduced, and the cost would be markedly
increased, even though COPs may be improved. This
remained as a problem not only in the production of wafers
used for devices, but also 1n the production of wafers for
particle monitoring used for particle measurement.

SUMMARY OF THE INVENTION

The present mvention has been accomplished 1n view of
the aforementioned problems, and 1ts object 1s to obtain
silicon single crystals for particle monitoring having few
crystal defects with high productivity by the CZ method.

To achieve the aforementioned object, the present mnven-
tion provides a method for producing a silicon single crystal
waler for particle monitoring, characterized by comprising,
growling a silicon single crystal ingot doped with nitrogen by
the Czochralski method, and processing the single crystal
ingot 1nto watfers to produce the silicon single crystal wafer
for particle monitoring.

By doping a single crystal ingot with nitrogen during
crowing 1t by the CZ method as 1n the aforementioned
method, growth of crystal defects occurring during the
crystal growth can be suppressed. Further, as a result of
suppression of the growth of crystal defects, the crystal
orowth rate can be made faster, and hence the productivity
of crystals can be markedly improved.

In the aforementioned method, when the single crystal
ingot doped with nitrogen i1s grown by the Czochralski
method, concentration of nitrogen doped into the single

crystal ingot 1s preferably controlled to be in a range of
1x10'° to 5x10"> atoms/cm®.

The above range 1s defined, because the concentration of
1x10" atoms/cm® or more is preferred for sufficiently
suppressing the growth of crystal defects, and because the
concentration of 5x10'° atoms/cm or less is preferred in
order not to inhibit the single crystallization of silicon
crystals.

In the aforementioned method, after the single crystal
ingot was processed 1nto waters to produce a silicon single
crystal wafer, the silicon single crystal waler 1s preferably
subjected to a heat treatment so that nitrogen contained 1n a
waler surface portion should be out-diffused.

If the silicon single crystal wafer 1s subjected to a heat
freatment so that nitrogen contained 1n a wafer surface
portion should be out-diffused, the wafer surface layer
would have extremely few crystal defects, and generation of
oxide precipitate defects on the waler surface due to accel-
cration of oxygen precipitation by nitrogen should be
prevented, because the nitrogen 1s out-diffused. Further,
when oxygen 15 also out-diffused at the same time by the
heat treatment, the surface defect density can further be
reduced. Therefore, the resulting wafers would become
particularly suitable for wafers for particle monitoring.

Further, when the single crystal ingot doped with nitrogen
1s grown by the Czochralski method, concentration of oxy-
oen contained 1n the single crystal ingot 1s preferably

controlled to be 1.2x10"® atoms/cm” or less (value according
to ASTM °79).

Such a low oxygen concentration can further suppress the
orowth of crystal defects, and prevent the formation of oxide
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precipitates 1n the surface layer. Thus, the resulting wafers
would become further suitable ones as wafer for the moni-
foring.

A silicon single crystal wafer for particle monitoring
produced by the production method of the present invention
1s, for example, a silicon single crystal wafer for particle
monitoring obtained by processing a silicon single crystal
ingot mto wafers, which ingot has been produced by the
Czochralski method while doped with nitrogen.

In this wafer, the nitrogen concentration may be 1n a range
of 1x10%° to 5x10*° atoms/cm>, the nitrogen contained in a
waler surface portion may be out-diffused by a heat
treatment, and the oxygen concentration may be 1.2x10'®
atoms/cm” or less.

Such a silicon single crystal water for particle monitoring,
having the aforementioned characteristics would have
extremely few crystal defects 1n the surface layer. In
particular, such a wafer may have a crystal defect density of
the wafer surface of 30 defects/cm” or less, and use of such
a waler realizes accurate particle counting. Therefore, it 1s
very useful for control of device fabrication process and the

like.

According to the present invention, silicon single crystal
walers for particle monitoring having few crystal defects on
waler surfaces can be produced with high productivity. If the
particle measurement 1s performed by using the silicon
single crystal water for particle monitoring of the present
invention, a true particle number can accurately be obtained
because 1t causes extremely little light scattering due to pits
on the water surface compared with a conventional wafer for
particle monitoring. Therefore, it 1s extremely useful for the
device fabrication process control or the like.

BRIEF DESCRIPTION OF THE DRAWING

FIG. 1 1s a graph representing results of measurement of
surface crystal defect density by a particle counter, obtained
in Examples and Comparative Example after one hour
cleaning with SC-1 cleaning solution, as for wafers pro-
duced without nitrogen doping, or with nitrogen doping but
without heat treatment, or with nitrogen doping and heat
freatment.

DESCRIPTION OF THE INVENTION AND
EMBODIMENTS

The present mvention will be explained more in detail
hereinafter, but the present invention 1s not limited by this
explanation.

The present mvention has been accomplished based on
the finding that silicon single crystal wafters for particle
monitoring exhibiting few crystal defects 1n the wafer sur-
face layer can be produced with high productivity by apply-
ing the nitrogen doping technique utilized for the silicon
single crystal growing based on the CZ method to the
production of wafers for particle monitoring, and based on
investigation of various conditions therefor.

That 1s, 1t has already been pointed out that doping of
nitrogen 1nto silicon single crystals suppresses aggregation
of vacancies in silicon (T. Abe and H. Takeno, Mat. Res.
Soc. Symp. Proc. Vol. 262, 3, 1992). This effect is consid-
ered to be obtained by the fact that the vacancy aggregation
process resulting formation of homogenous nucleation shifts
to one resulting formation of heterogeneous nucleation.
Therefore, 1f a silicon single crystal 1s doped with nitrogen
during its growth by the CZ method, the silicon single
crystal would have small sized crystal defects, and a silicon
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single crystal water for particle monitoring having a char-
acteristic that has been desired in recent years can be
obtained by processing such a silicon single crystal. In
addition, this method does not necessarily require lowering
the crystal growth rate unlike the aforementioned conven-
tional method, and therefore 1t can afford silicon single
crystal wafers for particle monitoring exhibiting few defects
with high productivity.

Details of the present invention will further be explained
hereinafter in the order of process steps for producing silicon
single crystal wafers for particle monitoring, but the present
invention 1s not limited to this explanation.

Growth of silicon single crystal ingot doped with nitrogen
by the CZ method can be performed mn a known manner
described 1n, for example, Japanese Patent Application Laid-

open No. 60-251190.

That 1s, in the CZ method, which comprises bringing a
seed crystal into contact with starting polycrystal silicon
melt contained 1n a quartz crucible, and slowly pulling the
seed crystal with rotation to grow a silicon single crystal
ingot of a desired diameter, the pulled crystal can be doped

with nitrogen by introducing a nitride into the quartz cru-
cible beforehand, adding a nitride 1nto the melt, or employ-
Ing an atmosphere containing nitrogen as the atmospheric
gas. In such an operation, the doping amount 1n the crystal
can be controlled by adjusting the amount of nitride, con-
centration of nitrogen gas, introduction time thereof and the

like.

By doping a single crystal ingot with nitrogen during its
orowth by the CZ method, growth of crystal defects occur-
ring during the crystal growth can be suppressed. Further, 1t
does not require a low crystal growth rate, ¢.g., 0.4 mm/min
or less, unlike the conventional method, and hence the
productivity of crystals can be markedly improved.

The reason why the crystal defects are decreased by
doping of silicon single crystal with nitrogen 1s considered
that the vacancy aggregation process resulting formation of
homogenous nucleation shifts to one resulting formation of
heterogeneous nucleation as described heremnbefore.

Therefore, the concentration of the doped nitrogen i1s
preferably at a level sufficiently causing formation of het-
erogeneous nuclei, i.e., 1x10"° atoms/cm” or more, more
preferably 5x10'° atoms/cm> or more. Such a concentration
sufficiently suppresses the growth of crystal defects.

On the other hand, if the nitrogen concentration exceeds
5x10*° atoms/cm?>, which is the solid solubility limit in
silicon single crystal, single crystallization of silicon crystal
itself 1s inhibited, and hence the nitrogen concentration is
selected so that 1t should not exceed the aforementioned
value.

According to the present invention, when the single
crystal mngot doped with nitrogen 1s grown by the CZ
method, concentration of oxygen steps such as cleaning. The
steps may also be used 1n a suitably modified manner such
as alteration of the step sequence and omission of some steps
depending on the purpose.

The nitrogen 1n the wafer surface portion may be out-
diffused by subjecting the obtamed silicon single crystal
waler to a heat treatment.

It has been known that nitrogen atoms in silicon single
crystals promote oxygen precipitation (for example, F.
Shimura and R. S. Hockett, Appl. Phys. Lett. 48, 224, 1986),
and when they are doped into silicon single crystal waters
produced by the CZ method, defects due to oxygen precipi-
tation such as OSF (oxidation-induced stacking fault) may
be generated 1n the surface layer by heat treatment or the

like.
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The nitrogen 1n the water surface portion 1s out-diffused
in order to eliminate bad influence on measurement of
particles on the waler surface, otherwise crystal defects
influencing the measurement may be formed by oxygen
precipitation in the wafer surface layer due to the aforemen-
fioned oxygen precipitation acceleration effect of nitrogen.
This, together with the crystal defect growth suppressing
cffect of nitrogen during the crystal growth, can afford
extremely low defect wafer surface layer. contained in the
single crystal ingot is preferably controlled to be 1.2x10"%
atoms/cm> or less.

Such low oxygen concentration can, together with the

contained nitrogen, further suppress the growth of crystal
defects.

During the growing of silicon single crystal igot, the
contained oxygen concentration can be lowered to the
aforementioned range by a conventional method. For
example, an oxygen concentration 1n the aforementioned
range can be readily obtained by means of decreasing
crucible rotation speed, increasing introduced gas flow,
reducing atmospheric pressure, control of temperature dis-
tribution and convection of silicon melt, and the like.

As described above, a silicon single crystal ingot doped
with nitrogen at a desired concentration and containing,
oxygen at a desired concentration can be obtained. Such an
ingot can be sliced by a slicing machine such as inner
diameter slicer or wire saw, and processed mto a silicon
single crystal wafer through various process steps such as
bevelling (chamfering), lapping, etching, and polishing in
conventional manners. Of course, these steps are merely
exemplary steps, and there can be various other precision of
particle measurement can be extremely improved by using,
the aforementioned wafer as a wafer for particle monitoring.

EXAMPLES

The present mvention will be explained more specifically
hereinafter with reference to examples of the present 1nven-
fion and comparative example, but the present invention 1s
not limited to them.

Examples and Comparative Example

According to the CZ method, 40 kg of starting polycrystal
silicon was charged in a quartz crucible having a diameter of
18 inches, and 5 crystal ingots of P type having crystal
orientation <100> and a diameter of 6 inches were pulled at
a usual pulling rate, 1.0 mm/min. For the pulling of 4 ingots
among them, the starting material, polycrystal silicon, was
melted together with silicon waters having silicon nitride
f1lms, whereas the remained one 1ngot was not doped with
nitrogen. For each crystal, the rotation of the crucible was
controlled during the pulling so that the oxygen concentra-

tion in the single crystal should become to be 1.3x10™°
atoms/cm” or less (ASTM *79).

In such a case, because diffusion velocity of nitrogen in
silicon 1s much faster than that of oxygen, nitrogen in the
surface portion can surely be out-diffused by a heat treat-
ment.

As for specific conditions of the heat treatment to out-
diffuse nitrogen 1n the wafer surface, i1t 1s preferably
performed, for example, at a temperature of 900° C. to the
melting point of silicon.

The heat treatment within the aforementioned tempera-
ture range can sufliciently out-diffuse nitrogen 1n the wafer
surface layer, and simultaneously out-diffuse oxygen.
Therefore, the generation of defects due to oxide precipitates
in the surface layer can be substantially completely pre-
vented.
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Thus, there can be obtained the silicon single crystal
waler for particle monitoring of the present invention, which
1s obtained by processing a silicon single crystal ingot into
walers, which 1ngot has been produced by the Czochralski
method while doped with nitrogen.

Such a silicon single crystal wafer for particle monitoring
has extremely few crystal defects 1n the surface layer, and 1n
particular 1t can have a crystal defect density on the wafer
surface of 30 defects/cm~ or less. Therefore,

When the nitrogen concentration of the tail portions of the
crystal ingots doped with nitrogen was measured by FI-IR,
it was 5.0x10"* atoms/cm” on average (since the segregation
coellicient of nitrogen 1s extremely small, the concentration
of the straight bodies would become smaller than that value).
Further, oxygen concentration was measured by FI-IR for

all of the single crystal ingots, and 1t was confirmed that it
was about 1.3x10'® atoms/cm” or less for all of the crystals.

Wafters were sliced from the obtained single crystal ingots
by using a wire saw, and processed by bevelling
(chamfering), lapping, etching, and mirror surface polishing
in the substantially same conditions to afford 2 kinds of
mirror surface silicon single crystal wafers having a diam-
cter of 6 1nches, which were different in either they were
doped or not doped with nitrogen.

The above obtained two kinds of silicon single crystal
walers for particle monitoring were cleaned with SC-1
cleaning solution having a composition of
NH,OH:H,O,:H,O=1:1:5 for one hour, and particles having
a s1ze of not less than 0.13 um on the surfaces were counted
by a particle counter. The results of the measurement are
shown 1n FIG. 1. The black triangles represent the results of
the wafers doped with nitrogen according to the present
invention, and the white circles represent the results of the
conventional wafers not doped with nitrogen.

It can be seen from these results that the method of the
present 1nvention, which utilized doping with nitrogen,
reduced the crystal defect density to about one-20th or less
of that obtained by the conventional method, despite the fact
that the pulling was performed at a rate of 1.0 mm/min,
equivalent to or higher than the conventional rate. That 1s, 1t
can be seen that the doping with nitrogen suppressed growth
of crystal defects and number of crystal defects which can be
detected by a particle counter 1s decreased. Further, as for the
oxygen concentration, it can be seen that the crystal defect
density was slightly elevated when it exceeded 1.2x10"°
atoms/cm”.

Then, among the aforementioned wafers, the wafers
doped with nitrogen were subjected to a heat treatment at
1200° C. for 30 seconds to out-diffuse nitrogen or oxygen in
the wafer surface portion. As the atmospheric gas, a mixed
gas atmosphere of 75% argon and 25% hydrogen was used.
Then, the waters were similarly cleaned with the aforemen-
tioned SC-1 cleaning solution for one hour, and particles
having a size of not less than 0.13 um on the surfaces were
counted by a particle counter. The results of the measure-
ment are shown 1n FIG. 1 by plotting with the black circles.

As seen from these results, the crystal defect density was
further decreased by diffusing nitrogen 1n the wafer surface
portion outward, and the crystal defect density was
decreased to a level of about one-40th or less of the level
obtained by the conventional method. That 1s, 1t can be
understood that the generation and growth of crystal defects
which can be detected by a particle counter are greatly
suppressed by doping with nitrogen and out-diffusing nitro-
ogen 1n the wafer surface portion. In particular, the crystal
defect density of 30 defects/cm? or less in the wafer surface
portion can be ensured.




US 6,291,874 Bl

7

The present invention 1s not limited to the embodiments
described above. The above-described embodiments are
mere examples, and any of those having the substantially
same structure as that described 1n the appended claims and
providing the similar functions and advantages are included
in the scope of the present imvention.

For example, when a silicon single crystal ingot 1s grown
by the Czochralski method according to the present
invention, a melt may or may not be applied with a magnetic
field, and therefore the Czochralski method used for the
present 1nvention include the so-called MCZ method in
which a magnetic field 1s applied.

Further, though 1t was demonstrated that the crystal
defects could further be lowered at a low concentration of
the contained oxygen 1n the above description, the present
invention can exhibit the advantages even at a higher oxygen
concentration, e.g., 1.2 to 1.5x10™ atoms/cm” or higher.

What 1s claimed 1s:

1. A silicon single crystal wafer for particle monitoring,
wherein 1t 1s a silicon single crystal wafer for particle
monitoring obtained by processing a silicon single crystal
ingot into waters, which ingot has been produced by the
Czochralski method while doped with nitrogen.

2. The silicon single crystal wafer for particle monitoring
according to claim 1, wherein nitrogen concentration of the
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silicon single crystal water for particle monitoring 1s 1n a
range of 1x10'° to 5x10"> atoms/cm>.

3. The silicon single crystal water for particle monitoring
according to claim 2, wherein crystal defect density of the
wafer surface is 30 defects/cm” or less.

4. The silicon single crystal wafer for particle monitoring,
according to claim 1, wherein nitrogen contained 1n a wafer
surface portion 1s out-diffused by a heat treatment.

5. The silicon single crystal wafer for particle monitoring
according to claim 4, wherein crystal defect density of the
wafer surface is 30 defects/cm” or less.

6. The silicon single crystal wafer for particle monitoring
according to claim 1, wherein oxygen concentration in the
silicon single crystal wafer for particle monitoring 1s 1.2x
10™® atoms/cm” or less.

7. The silicon single crystal wafer for particle monitoring,
according to claim 6, wherein crystal defect density of the
wafer surface is 30 defects/cm” or less.

8. The silicon single crystal wafer for particle monitoring,
according to claim 1, wherein crystal defect density of the
wafer surface is 30 defects/cm® or less.
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